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Fluxgate sensors with cores made of amorphous microwire have low sensitivity due to the small cross-sectional area of the wire. Pre-
vious studies with multiwire cores have shown nonlinear increase of sensitivity with number of wires, which was explained by interaction
between the wires. In this study, we show that the anomalous increase of sensitivity cannot be explained neither by exchange coupling nor
by magnetostatic interaction, but by change in parametric amplification caused by change of the quality factor of the resonant circuit.
Interactions between the wires may cause hysteresis effects; therefore, we recommend to keep the wires in distance. Optimization of the
pick-up coil geometry may significantly increase the sensitivity and, thus, reduce the magnetic field noise. Using four wires in parallel,
we reached a noise level of 120 pT/ Hz@1 Hz for a 10-mm-long sensor excited by a 20-mA current.
Index Terms—Magnetic wires, microfluxgate, microwire array, orthogonal fluxgate.
I. INTRODUCTION
S MALL-SIZE magnetic sensors with high precision arerequired for emerging applications such as mobile phones,
microsatellites, microrobots, and magnetic imaging and
reading. Fluxgate sensors with wire core have small size and
high spatial resolution, while their linearity, noise, and temper-
ature stability are superior to other magnetic field sensors of the
same size [1]. The sensitivity of these sensors is in general low
and the sensors suffer from large spurious output voltage [2].
The voltage sensitivity of fluxgate can be generally increased
by increasing the cross-sectional area of the sensor core, but the
limiting factor is the demagnetization. For the output voltage of
untuned parallel-type fluxgate, we may write [3]
(1)
where is the longitudinal measured field, the sensor has a
pick-up coil with turns, is the relative permeability of
the sensor core with cross-section area , and is the global
demagnetization factor.
The same formula applies for the transverse fluxgate with
pick-up coil: In this case, is the axial component of the per-
meability tensor. The main advantage of transverse fluxgate is
its simplicity: In our case, it consists of a ferromagnetic wire
core and a pick-up solenoidal coil around it. The excitation cur-
rent flows through the core, so no excitation coil is necessary.
It was recently shown that more efficient than increasing the
wire diameter is to use higher number of wires in the core which
in the simplest case are connected in parallel [4]. The achieved
noise was 0.34 nT/ Hz@1Hz for 10-mm-long sensor. In agree-
ment with other papers the sensitivity of the sensor with double
wire core is more than twice the sensitivity of the single-wire
sensor. The first aim of this paper is to explain this anomaly.
The sensitivity analysis of multiwire core fluxgate is compli-
cated, as we should consider several complex effects.
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1. The demagnetization factor is not constant, as the material
is strongly nonlinear. The resulting demagnetization factor
further depends on the distance between the wires.
2. Sensitivity of the wire-core fluxgates is often increased by
parametric amplification. Changing the geometry of the
core changes the quality factor of the nonlinar resonance
circuit.
3. Long range dynamic interaction has been reported in an
array of microwires [5], [6]. In an ideal case, these interac-
tions can be described in the form of apparent demagneti-
zation factor, but this is not always possible. Large jumps
in the sensor characteristics were shown to be caused by
this effect.
4. For orthogonal fluxgate, the excitation current density de-
pends on wire diameter and due to the surface effect also
on frequency and permeability. The spatial distribution of
the excitation current density can be influenced by other
wires.
In this study, we compare the sensitivity and noise perfor-
mance of single-wire and multiwire fluxgate sensor and we try
to separate the contributions of the mentioned effects to the
sensor performance. We believe that this is a beginning of a sys-
tematic study on this type of sensors which would give hints for
the designers.
Wire cores for this study were prepared with glass covered
amorphous wires of the same length of 10 mm, but different
number of wires and distances between the wires. The wires
were in the same composition (Co68.25Fe4.5Si12.25B15), core
diameters were from 20 to 22 m and glass coating thickness
was 2 m. For some experiments, 40 m diameter wires were
also used.
The orthogonal fluxgate response was measured by applying
an ac excitation current through the samples and analyzing the
second harmonic voltage output from a pickup coil of 1015 turns
using a lock-in amplifier (SRS844). The external filed was pro-
vided by a Helmholtz coil.
II. DEMAGNETIZATION FACTOR OF THE WIRE CORE
While the demagnetization factors of fluxgate ring and race-
track cores have been extensively studied [7]–[9], we are not
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aware of demagnetization study on wire core fluxgate (Vacquier
type).
For fluxgate with single-wire cores is usually very small
(typically ). The apparent (magnetometric) demagnetiza-
tion factor and apparent permeability depend not only on the
core geometry and permeability, but also on the geometry of the
coil [9]. In the case of multiple wires in close proximity, analyt-
ical calculation of is impossible and 3-FEM modeling is very
difficult as it requires very high number of nodes. For standard
bulk cores can be easily measured by measuring the pick-up
coil air inductance and inductance with core [7].
The apparent core permeability and apparent demagnetiza-
tion factor can be calculated as
(2)
where is a core cross-sectional area and is a coil
cross-section area.
In the case of high permeability, we can simplify the latter
formula by .
We have found that for wire cores this method gives values of
apparent demagnetization factor, which are very different from
global demagnetization factors calculated by Stoner’s an-
alytical formula for ellipsoids [4]. Typical measured values for
single-wire core were
mH
mH
Such a big difference between and indicates, that the
geometry of the pickup coil is very inefficient: large part of the
core flux returns back inside the coil and, thus, does not con-
tribute to the sensor sensitivity.
For the stack on wires, depends roughly on , if the
stack is very closely packed. If the stack is loosely packed,
and we can neglect the magnetostatic interaction, is indepen-
dent of . In such case the sensitivity depends on linearly, as
.
III. PARAMETRIC AMPLIFICATION
In most cases, the small sensitivity of the wire-core fluxgate is
increased by parametric amplification using either external par-
allel tuning capacitor or parasitic capacitance of the multiturn
pick-up coil. The danger of this approach is increased temper-
ature dependence of the sensitivity, as both the pick-up coil in-
ductance and parasitic capacitance are temperature dependent.
However, this temperature dependence can be effectively sup-
pressed by magnetic feedback.
Fig. 1 shows a resonance curve of a fluxgate pick-up coil
tuned by parallel capacitor. The measurement was made for an
empty coil and with one, two, or four inserted wires. It is clear
that by increasing the number of wires, the impedance in res-
onance is increasing. This means lower dissipation and signif-
icantly higher parametric amplification. Further increase of the
Fig. 1. Resonance curve of a fluxgate pick-up coil tuned by parallel capacitor.
The measurement was made for an empty coil and with one, two, or four inserted
wires.
Fig. 2. Amplitude and phase of the impedance of two wires tuned by 40 nF.
The wires are either in close contact or in a distance. (Same numerical scale
applies for both curves).
cross section can even cause instability, but we are far from such
danger. Notice that the curves in Fig. 1 were measured for low
coil current, and with no current flowing through the wire core,
i.e., far from the fluxgate working mode. In the actual fluxgate,
the core permeability is widely modulated and the analysis is
very complicated.
Fig. 2 shows the resonance curves measured for double wire
sensor. The wires are either in touch or in a distance of about
0.5 mm. It is clear that the distance between the wires does
not influence the resonance parameters and, thus, the parametric
amplification.
IV. INTERACTION BETWEEN THE WIRES
The interaction between the wires was studied on two sam-
ples: The sample W2B had two compact wires with an expected
distance smaller than 10 m and the sample W2C had core made
of two distant parallel wires with a gap of about 1 mm.
The orthogonal fluxgate responses were measured at three
frequencies: 25 kHz, 1 MHz, and the resonance frequency—a
frequency at which the sensor obtained maximum sensitivity in
a magnetic field range of 5.4 A/m (6.8 T). As the parametric
resonance is strongly nonlinear effect, the resonance frequency
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Fig. 3. Orthogonal fluxgate responses of two-wire arrays at resonance frequen-
cies.
Fig. 4. (a) Orthogonal fluxgate responses of the two-wire arrays acquired at
25 kHz; (b) detailed view of zero-field area.
depends on the amplitude of the excitation current. The mea-
sured sensitivities are shown in Fig. 3. The important finding is
that even for 64-mA excitation current, which is already too
high for applications, the sensor core is still not fully saturated.
This is caused by the current distribution inside the wire. One
possible solution oft this problem is to use core with nonmag-
Fig. 5. Dynamical       loops of the wire arrays: (a) W2B at 25 kHz
exposed to longitudinal fields of   ; (b) W2C at zero magnetic fields
(after positive and negative longitudinal magnetisation, respectively).
netic conduction shell which is electrically insulated from the
magnetic film on the surface.
Fig. 4 shows a strong interaction effect in two wires closely
packed, which disappears when the distance between the wires
is increased. The hysteresis appeared in the large excitation cur-
rent (64 mA). It is well known that the wire may have a core-
shell domain structure with an interior domain in longitudinal
direction and a bamboo-like surface domain in circular direc-
tion. Due to strongly pinned longitudinal domains in the wire’s
center, there are two large jumps in the weak field and a plat-
form in the zero field. The hysteresis disappears with increasing
frequency by the skin effect and decreasing amplitude of the ex-
citation by smaller circular magnetization.
The interaction can be seen from the different magnetic do-
main reversal process in the two arrays. The trend of remag-
netization of the sample W2C was monotonous which is due
to the fact that reversals of longitudinal magnetic domains in
each wire occur independently. The two big jumps in the re-
versal processes in the compact array (W2B) might be related
to repolarisation of two strongly pinned longitudinal domains in
the wire center. This figure suggests the strong dipolar interac-
tion [4], [6] between the two long domains: three distinguished
states (parallel, antiparallel, and parallel in reverse directions).
Fig. 5(a) shows the dynamic gating curves, or loops,
during longitudinal magnetisation of the array W2B. Here
is the circumferential field and is the longitudinal flux.
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Fig. 6. Four-wire sensor response to 2-nT field steps.
There is negligible longitudinal flux in the zero field. How-
ever, the flux in the array W2C measured at zero magnetic field
shows significant hysteresis [Fig. 5(b)]. These results again indi-
cate clear interaction between the wires in the compact bundle,
which is not presented in the array with separated wires.
V. FOUR-WIRE SENSOR
Using the experience gained from the described experiments,
we designed an orthogonal fluxgate sensor using 10-mm-long
core made of four parallel glass-covered amorphous wires
connected in parallel. The sensor has increased sensitivity and
decreased noise compared to single-and double-wire sensors,
while the excitation current of 20 mA is acceptable for some
applications. The sensitivity was 300 mV/ T using nonlinear
tuning for 130-kHz excitation. The best achieved noise level
was 120 pT/ Hz@1 Hz. The sensor response for 2-nT field
step measured inside a four-layer mumetal shielding is shown
in Fig. 6.
VI. CONCLUSION
We have shown that even for voltage output fluxgate sensor
the diameter of the pick-up coil influences the sensitivity. This
effect is very strong in the case of wire-core fluxgates, where
the loss of sensitivity for excessively large pick-up coil can be
as high as ten.
The demagnetization of the 10-mm-long wire core is negli-
gible; however, decreasing of the sensor length will make this
parameter more important.
Increasing the number of wires in the core nonlinearly in-
creases the sensor sensitivity. We have shown that this anomaly
is caused by the change of the quality factor of the strongly non-
linear parametric amplification in the pick-up coil.
In regard to the interaction between the wires, we have shown
that although this effect may bring an increase of the sensitivity,
unwanted hysteresis effects may appear in the small field region.
We, thus, recommend to keep the individual wires in safe dis-
tance.
ACKNOWLEDGMENT
This work was supported by the National University of Sin-
gapore under the EERSS program. The authors would like to
thank Prof. H. Chiriac and professor Manuel Barandiaran for
providing the glass covered amorphous wires.
REFERENCES
[1] P. Ripka, “Sensors based on bulk soft magnetic materials: advances and
challenges,” J. Magn. Magn. Mater., vol. 320, pp. 2466–2473, 2008,
DOI:10.1016/j.jmmm.2008.04.079.
[2] Z. J. Zhao et al., “Comparative study of the sensing perfomance of or-
thogonal fluxgate sensors with different amorphous sensing elements,”
Sens. Actuators A, vol. 136, pp. 90–94, 2007.
[3] , P. Ripka, Ed., Magnetic Sensors and Magnetometers. Norwood,
MA: Artech, 2001.
[4] P. Ripka, X. P. Li, and J. Fan, “Multiwire core fluxgate,” Sens. Actua-
tors A 156, pp. 265–268, 2009, DOI:10.1016/J.SNA.2009.06.006.
[5] J. Velazquez et al., “Dynamic magnetostatic interaction between amor-
phous ferromagnetic wires,” Phys. Rev. B, vol. 54, p. 9903, 1996.
[6] L. C. Sampaio et al., “Magnetic microwires as macrospins in a long-
range dipole-dipole interaction,” Phys. Rev. B, vol. 61, no. 13, 2001.
[7] F. Primdahl, B. Hernando, O. V. Nielsen, and J. R. Petersen, “Demag-
netising factor and noise in the fluxgate ring-core sensor,” J. Phys. E:
Sci. Instrum., vol. 22, pp. 1004–1008, 1989.
[8] M. De Graef and M. Beleggia, The Fluxgate Ring-Core Demagnetiza-
tion Field JMMM305, no. 2, pp. 403–409, 2006.
[9] J. Kubík and P. Ripka, “Racetrack fluxgate sensor core demagnetiza-
tion factor,” Sens. Actuators A, vol. 143, pp. 237–244, 2008.
